ABSTRACT: Two tetravalent architectures, the glycocalix 7 and the RAFT 9, presenting four residues of a GM-3 ganglioside lactone mimetic, target the host compartment of melanoma and significantly abrogate the effect induced by cancer-associated fibroblasts (CAFs) contact + hypoxia in the motility and invasiveness of tumor cells. The data reported support the involvement of glycosphingolipids (GSLs) in hypoxia and show an interesting role played by compound 9 in targeting melanoma cells thereby interfering with melanoma progression. The unprecedented findings reported for the glycocluster 9 may contribute to the understanding of the critical and complex interactions between tumor cells and their local environment paving the way for new therapeutic agents.
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KEYWORDS: Glycosides, mimetics, tumor microenvironment, tumor antigen F or many years neoplastic cells represented the focus of interest in cancer research. Nowadays, it is worldwide recognized that an important interplay exists between cancer cells and their local environment that plays a pivotal role in cancer "malignancy" (i.e., cancer cells' survival, adhesion, and motility). Thus, during primary tumor formation, cancer cells engage multifold interactions with an array of mesenchymal cells, including fibroblasts, macrophages, and endothelial cells. 1 In addition, the tumor microenvironment (TME) evolves during cancer progression because cancer-associated fibroblasts (CAFs) are converted into myofibroblasts by cancer cellreleased factors; endothelial precursor cells are recruited from bone-marrow progenitors to facilitate de novo vasculogenesis, and inflammatory cells are converted and "educated" to behave as pro-tumoral cells. 2 All these host cells engage a continuous molecular cross talk with cancer cells, secreting large amounts of factors/cytokines, influencing invasion and metastasis, 2, 3 and also enhancing resistance to apoptosis/anoikis and survival in an hostile environment characterized by hypoxia, acidity, and inflammatory cytokines delivery. 4, 5 In this framework, in the last two decades a great attention was focused on cancer matrix's composition, indeed therapies targeting the TME have begun to produce a number of agents that specifically target interactive pathways between tumor cells and the surrounding extracellular matrix. 6−8 Glycosphingolipids (GSLs) and gangliosides in particular are known to interact with the key trans membrane receptors or signal transducers involved in cell adhesion and signaling thus affecting cellular phenotype. Though most studies considered the presence of GSLs on cells membranes only as possible markers, paying little attention to the functional role of these glycosyl epitopes in microdomains, 9−11 at present strong evidence led to assume that the molecular mechanism of cancer "malignancy", reflecting enhanced cell motility with altered cell adhesion and growth, is based on how GSLs, and particularly GM-2 and GM-3, are organized and assembled in membranes.
The understanding of GSLs-mediated mechanisms in cancer progression could certainly lead to the identification of novel targets for anticancer therapy. However, their scarce availability as pure compounds or their in vivo instability represent serious limiting steps. This has been the case of GM-3 ganglioside 1, the major ganglioside in normal melanocytes, which is overexpressed in melanoma cells with metastatic potential; likely due to the lower pH that characterizes tumor cells, 1 is transformed into the corresponding GM-3 lactone 2, 9−12 which has been recognized as the true antigen of melanoma ( Figure  1 ). The scarce availability of GM-3 and particularly of GM-3 lactone, their structure complexity and the instability of GM-3 lactone under physiological conditions, have severely limited a thorough investigation of their undoubted role in tumor malignancy and progression.
Following our interest in the high biological potential of GM-3 and GM-3 lactone antigens, we recently designed and synthesized a mimetic of the GM-3 lactone, namely, the thioether 3 ( Figure 1) . 13 From the structural point of view, 3 is simpler than its endogenous counterpart, is stable under physiological conditions, and maintains the characteristic folded shape of the native GM-3 lactone. Taking advantage of the remarkable stability and the versatility of the tricyclic structure, the precursor 5 was readily transformed into glycosyl derivatives such as the glycoconjugate 6 (see Figure 1) , 14, 15 which was conveniently employed to give rise to multivalent glycoconjugates 15, 16 (see Figure S1 ). The effects of these glyco-derivatives on some key properties of malignant melanoma cells were preliminary assayed. 16 The results showed that multivalency and spatial organization are essential features of the tested structures and indicated that the tetravalent glycocalix 7 possess an appropriate scaffold to interfere in melanoma cells progression and spreading ( Figure  2 ).
In this context, following our preliminary data, we report herein the synthesis and biological tests of a new tetravalent cyclic glycopeptide, the glycosyl RAFT 9 (Scheme 1), which displays four residues of the glycomimetic 5 (see Figure 1 ) on the upper rim of the cyclic platform (R, see Scheme 1). Globally, in the constructs 7 and 9 the four epitopes are roughly located in the same spatial frame, although the chemical nature and the biocompatibility of the two scaffolds are substantially different.
Keeping in mind the reported activity of the GM-3 mimetic on melanoma progression, 16 the effect of the RAFT 9 (see Scheme 1) on melanoma cell adhesion, migration, and resistance to apoptosis (anoikis) was assayed to investigate any additional extra effect, favorable or detrimental played by the scaffold, in order to obtain a more versatile and efficient melanoma modulator. Furthermore, the RAFT 9 and, for comparison, the glycocalix 7, were tested in events affected by the microenvironment and of significance in tumor progression. Finally, taking into account the interesting results obtained with the KLH-glycoconjugate 8 (see Figure 2 ) as immunostimulant, 15 the glycosyl RAFT 9 was also assayed in vivo. Synthesis of the RAFT-Based Glycocluster 9. Cyclopeptides have been proved useful scaffolds for the synthesis of antitumoral vaccines. 17 Beside their stable conformation in solution and improved resistance in vivo, RAFT (Regioselectively Addressable Functionalized Templates) structures have the advantage of presenting regioselectively addressable domains on which diverse antigens can be covalently attached in a well-defined spatial orientation, thus avoiding steric hindrance among them. 18 In particular, four-component vaccine candidates have been prepared with good yields, 
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Letter excellent molecular definition and remarkable immunological profile. 19−21 For these reasons, the RAFT scaffold appeared to be an attractive system for the present study. The RAFT-based glycocluster 9 (see Scheme 1) was prepared by coupling the RAFT scaffold 10 18 with the glycosyl derivative 6. The reaction was performed under mild conditions (r.t. and DIPEA as base) and in DMF as solvent. Compound 9 was isolated in 77% yield by column chromatography on Sephadex LH-20 (Scheme 1).
Biological Assays in Vitro. The effect of the RAFT-based glycocluster 9 on melanoma cell adhesion, migration, and resistance to apoptosis (anoikis) was assayed as previously described. 16 In addition to migration, we investigated the effect of compound 9 on cells ability to cross 3D barrier using Boyden chambers with 8 μm pores in the presence of a 3D barrier of Matrigel. A375 invasiveness toward 10% serum was allowed for 24 h before counting the cells having crossed the filter. We then analyzed the effect of compounds 7 and 9 on TME. We used 1% O 2 hypoxia and contact with CAFs, two key features playing a synergetic role for secretion of proinflammatory and pro-angiogenic cytokines during melanoma invasiveness. Human melanoma A375 cells were treated with conditioned media from CAFs in hypoxia in the presence of 7 or 9 and assayed for their ability to migrate or to invade through reconstituted matrigel barrier.
As shown in Figure 3 , compound 9 was significantly active on several key hallmarks of malignant melanoma cells. Specifically, it was able to inhibit to an extent up to 30% the adhesion of melanoma cells on fibronectin matrices and its inhibitory activity grew up to 50% after 4 h of incubation ( Figure 3A) . Moreover, compound 9 induced a doubling of spontaneous apoptotic death of treated melanoma cells. Concerning the activity of 9 on the motility of melanoma cells ( Figure 3B ), we observed a 30% reduction of both 3D cell migration and invasiveness across tissue barriers ( Figure 3C,D) .
Tumor cells do not grow and progress toward malignancy alone, but coevolve together with a number of accessory populations, among which the most representative are CAFs. Moreover, several structural cues affect the motility of cancer cells, of which hypoxia and the consequent acidity are the most relevant. We have recently reported that in melanoma cells the contact with CAFs, known to induce in other cancer models a motility stimulus through activation of an epigenetic program called epithelial mesenchymal transition, needs the concomitant presence of hypoxic treatments. 22 Therefore, we treated melanoma cells with the conditioned medium of cancerassociated cells (derived ex vivo from human aggressive melanoma) and analyzed the effects of compounds 7 and 9. Our results indicated that both 7 and 9 were able to exert a very strong effect on both 2D migration and invasiveness of melanoma cells, completely abrogating the effects exerted by tumor microenvironment (CAFs + hypoxia) ( Figures 4A,B) .
Biological Assays in Vivo. In the past decade, the chemical and biological properties of RAFT cyclopeptides have been extensively investigated, 18 and RAFT scaffolds have widely been used to present saccharidic epitopes to the immune system. 19−21 Analogously, the KLH-glycoconjugate 8 (see Figure 2 ) that presents residues of the mimetic 5 (see Figure   Figure 3 . (A) A375 cells were treated with 50 μM of RAFT 9 and left to adhere onto fibronectin-coated culture dishes for different times. The percentage of adhered cells, in the presence or in the absence of fibronectin, was evaluated by crystal violet assay. (B) Cells were serum starved, detached, and kept in suspension for 24 h in the presence of RAFT 9. The percentage of apoptotic cells was evaluated using the Annexin V-Pi staining Kit. (C) Migration assay. Cells treated as in panel A were allowed to migrate for 24 h toward 10% serum as chemo attractant. For each filter the number of cells in the randomly chosen field was determined. (D) Invasiveness assays. Invasiveness was evaluated as for the migration assay B except that matrigel has been used to represent 3D ECM. All data are representative of at least three independent experiments, and means and SD are shown in the graphs. RAFT 10 was tested as negative control: ***, P < 0.001 versus each correspondent control. Figure S1 ), and the RAFT 10 were tested as negative controls; ***, P < 0.001 versus each correspondent control.
Letter 1) proved to elicit in mice a specific immunoresponse against GM-3 overexpressed on melanoma cells. 15 These captivating data encouraged us to test the RAFT-based glycoconjugate 9 in vivo. On days 0, 14, 28, 49, and 72 three groups of ten C57BL/ 6 mice were immunized i.p. with 400 μg of compound 9, 4Lys-1Melan [i.e., R(4Lys-1Ox)], and PBS (control group), and B16F10 cells were injected at day 69. Our results show that compound 9 was able to reduce by more than 50% the tumor volume of B16F10 xenografts compared to PBS control (p < 0.001). On the contrary, tumor growth in mice treated with 4Lys-1Melan was not statistically different from that of mice treated with PBS ( Figure 5) . Unfortunately, the short-term in vivo experiment prevented us from assessing formation of lung or liver metastases.
A clear evidence of the complex interplay between cancer cells and their local environment can be found in the data reported above. As a matter of fact, the results described in Figure 3 indicate that compound 9 is an effective inhibitor of melanoma adhesive properties. In particular, compound 9 inhibits both migration and invasiveness of melanoma cells, two features of malignant cancer cells extremely "useful" to invade surrounding tissues, evade from primary tumor environment, and propagate a metastatic colony elsewhere. A minor contribution seems to be played by the peptide skeleton of the molecule ruling out a significant interference from the scaffold 10.
Compound 9 is also active in inducing apoptotic death due to anoikis, a particular programmed cell death caused by the lack or improper integrin-mediated cell anchorage. Several cancer cells, including malignant melanoma, exploit resistance to natural anoikis program in blood or lymphatic circulation, to survive and spread to distant organs.
The ability of compound 9 to inhibit migration, invasion, and survival in the absence of proper integrin-mediated adhesion, thereby inducing apoptosis, shows that 9 exerts a wide activity toward several features of melanoma malignancy.
As tumor cells are greatly helped in gaining malignant attitudes by TME factors, we also studied the effects of compound 9 on melanoma cell motility and invasiveness upon exposure to hypoxia and contact with stromal fibroblasts. Since we have recently reported that compound 7 affects motility and invasiveness of melanoma cells, 16 though in a lesser extent with respect to 9, we also included compound 7 in the TME experiments.
Due to deficiency or lack of vasculature in tumors, hypoxia is a very common feature of several neoplasiae. This causes a deprivation of oxygen and nutrients, impairing the survival of cancer cells but also stimulating pro-invasive properties of malignant cells. In addition to hypoxia, several cancers are highly infiltrated by CAFs. Altogether, they form the tumor reactive stroma. 23, 24 CAFs have been recognized to play an essential role in activating a motile and survival epigenetic program in several models of cancers. 25 As above-mentioned, for melanoma cells, hypoxia and CAFs exert a synergistic role in regulating motility and invasiveness of malignant melanoma cells. 22 We now observed that the exposure of melanoma cells to hypoxia alone did not elicit a strong increase in A375 melanoma cell invasive and motile phenotype, but the concomitant treatment with conditioned medium from CAFs gave rise to a strong increase in aggressiveness. Worth noting, both compounds 7 and 9 were extremely active in abrogating the effect induced by CAFs contact + hypoxia in melanoma cells motility and invasiveness (Figure 4) , whereas resulted ineffective during the treatment with hypoxia only (data not shown). These observations are perfectly in line with the hypothesis that CAFs sensitize malignant melanoma cells to hypoxia, raising interest in compounds 7 and 9 to target the Achilles's heel of the tumor vs stroma.
The ability of 7 and 9 to regulate stromal reactivity and tumor microenvironment features may also account for a potential inhibitory effect, on melanoma growth in vivo, which may be ascribed to the reshaping of microenvironment and stromal activation. Thus, the bioinspired peptide 9 was also tested in vivo to investigate the ability of targeting cancer cells in addition to TME. Compound 9 was thus used to treat C57BL/ 6 mice, and the growth of induced subcutaneous tumor was monitored. The reduction of tumor growth observed in mice treated with 9 with respect to those treated with PBS (negative control) is remarkable. This unprecedented feature makes the compound 9 a sort of Janus synthetic antigen, targeting melanoma cells as well as their microenvironment. Further experiments aimed at understanding the mechanisms of action of the RAFT-glycocluster 9 are currently in progress.
In conclusion, tumor microenvironment plays a dramatic role in cancer progression endowing cancer cells with malignant properties culminating in metastasis. This is actually the major cause of death in cancer patients. In this Letter, we reported the effects of local environment on melanoma cell changes and aggressiveness. We showed that two tetravalent compounds, namely, 7 and 9, could abrogate the "malignant" effects induced by CAFs contact + hypoxia on melanoma cells, significantly reducing their mobility and invasiveness, that is their metastatic potential. In particular, the biological results confirmed (i) the unquestionable, though elusive, role of GSLs in cancer progression, (ii) the puzzling influence of microenvironment in tumor aggressiveness and invasion, and (iii) the biological activity of the thioether mimetic of the GM-3 lactone 2. In vivo tests pointed out that 9 is also active in reducing tumor onset, Figure 5 . Effect of RAFT 9 and R(4Lys-1Ox) on in vivo tumor growth. Three groups of C57BL/6 mice (10 mice per group) were treated with 9, R(4Lys-1Ox), and PBS (as negative control) on days 0, 14, 28, 49, and 72 (doses: 400 μg; all i.p.). On day 69, 10,000 B16F10 murine melanoma cells were injected subcutaneously in two lateral flanks. The volume of the tumor (20 tumors per group) was measured every 2−3 days with a caliper, and tumor volumes were calculated with the formula V = W 2 × L × 0.5, where W and L are tumor width and length, respectively. Data are presented as mean ± SEM *, p < 0.05; **, p < 0.001 versus each correspondent PBS control.
suggesting an unprecedented dual role of 9 in melanoma modulation. Although a complete rationale of the multifaceted cancer's onset and growth still lag far behind, we believe that our findings might give a contribution to the development of new therapies targeting tumor cells and the microenvironment.
■ EXPERIMENTAL PROCEDURES
Synthesis of Compound 9. To a stirred solution of 10 (9.0 mg, 0.0056 mmol) in dry DMF (1.8 mL), DIPEA (5.0 μL, 0.026 mmol) was added (pH = 8). The mixture was stirred for 10 min at rt, then a solution of 5 (30.0 mg, 0.041 mmol) in dry DMF (3.0 mL) was added. The reaction mixture was followed by LC−MS (Column: AgilentZorbax 300SB-C18, 4.6 × 250 mm. Eluant: AcCN 90%/H 2 O + 0.1% TFA from 5:95 to 100 in 15 min; 10 rt 6.60 min) monitoring the complete disappearance of 10. After 3.0 h at rt the reaction mixture was concentrated to dryness. The crude product was purified on Sephadex LH-20 to give 15 mg of 9 as white glassy solid (77%).
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